A greater understanding of the molecular mechanisms that underpin the pathogenesis of small intestinal neuroendocrine tumors (SI-NETs) facilitates the classification, diagnosis and treatment of these relatively rare gastrointestinal malignancies.
Introduction
Although the small bowel makes up approximately 80% of the total length and 90% of the absorptive surface of the alimentary tract, and despite the fact that its anatomic location is between two areas of high malignancy incidence, only 2% of all gastrointestinal tumors occur in the small intestine [1] . Small intestinal neuroendocrine tumors (SI-NETs), generally well-differentiated and having a more indolent clinical course, are the most frequent neoplasm encountered in the small bowel. Currently, their incidence has increased by more than 4-fold (from 2.1 to 9.3 per million), according to the Surveillance, Epidemiology and End Results (SEER) database during 1973-2004 [2] . In addition, the ileum has been demonstrated to be the highest-risk site for SI-NETs, as it is affected about 7 times more frequently than the duodenum and the jejunum [3] . However, because of the vague symptoms, relatively rare incidence, low sensitivity and specificity of small intestine imaging techniques, the majority of SI-NETs are diagnosed at an advanced stage, while local or distant metastasis already having taken place, and consequently exhibit a poor prognosis. About 6-30% of patients with SI-NETs may present with carcinoid syndrome, which is usually associated with the development of liver metastases. This syndrome includes one or more of the following signs: flushing, diarrhea, abdominal discomfort, bronchial constriction and carcinoid heart disease. It occurs when hormones, mainly serotonin, tachykinins and prostaglandins, synthesized and secreted by the tumor, bypass the hepatic metabolism and enter the systemic circulation.
The optimal choice of treatment strategy depends on tumor size, histological features, cancer staging as well as the general health of the patient. Surgical resection is the basic treatment for patients without metastases or those with local complications of bowel obstruction or mesenteric ischemia. Due to the low proliferation rate of SI-NETs, conventional chemotherapeutics are not recommended for this disease. In terms of medical therapies, controlling symptoms by somatostatin analogs either alone or in combination with interferon still remains a priority. Although novel therapeutic approaches are under investigation, such as mammalian target of rapamycin inhibitors or peptide receptor radionuclide therapy, the incidence of SI-NETs continues to increase at an alarming pace, with minimal improvement in 5-year survival rates [4] .
In this review article, we will summarize the recent insights into the genetic or epigenetic changes of SI-NETs, with specific focus on the current status of immunohistochemical and molecular markers in the diagnosis, prediction of tumor behavior and prognosis. , representing only a small portion within gastrointestinal malignancies, are often associated with a delayed diagnosis due to their non-specific symptoms. The increased incidence of SI-NETs during the last decades demands earlier diagnosis and more effective treatment, which both rely on a better understanding on the underlying molecular mechanisms. Summary: The purpose of this review is to discuss the biomolecular changes responsible for the pathogenesis of SI-NETs, and potential biomarkers in the diagnostic and prognostic evaluation. © 2013 S. Karger AG, Basel
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Nomenclature and Classification
The appropriate nomenclature and classification of SI-NETs has long been a controversial topic. The variable classification systems that employ different terminology increase the difficulty in summarizing the information from previous literature.
Based on the tame appearance and less aggressive behavior compared to other tumor types of the same organ, 'carcinoid tumor' was the term initially proposed by Oberndorfer in 1907 [5] to characterize the submucosal lesions of the small intestine. In 1963, Williams and Sandler divided gastrointestinal NETs into three categories on the basis of their embryologic origin: foregut carcinoids (stomach, pancreas, duodenum, upper jejunum), midgut carcinoids (lower jejunum, ileum, appendix, cecum) and hindgut carcinoids (colon and rectum). In spite of the popular utility of these terms on a worldwide scale, it has become apparent that the word 'carcinoid' fails to reflect the real entity of these tumors, and so does the classification to separate the groups with distinctive prognosis [5] .
Recently, the World Health Organization has revised the criteria for a classification system and divided them into (a) well-differentiated endocrine tumors (non-invasive tumors with features consistent with benign behavior or uncertain malignant potential), (b) welldifferentiated neuroendocrine carcinoma (presence of metastases or infiltration into the muscularis propria or angioinvasion), and (c) poorly differentiated neuroendocrine carcinoma (small cell carcinoma and large cell neuroendocrine carcinoma) [6] , attempting to reach a consensus in these issues. However, benefiting from the rapid development of gene expression and molecular profiles of SI-NETs, it is likely that the above taxonomy could be modified to provide a more accurate definition of tumor subtypes.
Biomolecular Changes Responsible for the Pathogenesis Process
Genetic Alterations Identified in SI-NET Disease SI-NETs are stable cancers with a lower mutation rate than that of breast, colorectal or lung cancers [7] . In SI-NETs, absence of K-ras mutations, deficiency in p53 alterations and DNA mismatch repair have been reported, which may account, at least in part, for their low proliferation activity.
On the other hand, several studies clarified that deletions of chromosome 18 were found in most of the SI-NET cases. However, exome sequencing of the candidate tumor suppressor genes in this region DCC, Smad4/DPC4 and Smad2/MADR2/JV18-1, revealed no mutation [8, 9] . The frequent loss of chromosome 18 implies that it may be the site of an as yet uncharacterized tumor suppressor gene involved in the early stage of tumorigenesis. Another study including 48 SI-NETs with integrative analysis of somatic single nucleotide variants and somatic copy number variations reported recurrently deletion of Smad2 and Smad4, as well as amplification of SRC, EGFR and PDGFR.
Epigenetic Changes May Be Implicated in Malignant Transformation
In addition to the inherited traits controlled by genes, epigenetic abnormalities may also play an important role in the malignant transformation of SI-NETs. Abnormal DNA methylation is regarded as one of the most common epigenetic changes observed in human cancers. Nuclear staining of DNA methyltransferase (DNMT) 1, 3a and 3b yielded a high frequency of DNMT overexpression (87, 81 and 75%, respectively) in gastroenteropancreatic NETs. Expression of DNMT1 did not differ according to anatomic sites, while DNMT3a and DNMT3b showed a significantly lower level in midgut than in foregut and hindgut NETs [10] . Epigenetic inactivation of Ras association domain-containing protein 1, isoform A (RASSF1A) is one of the most common molecular changes in cancer, associated with advanced tumor stage and poor prognosis. Similarly, higher methylation of RASSF1A promoter and lower expression of RASSF1A protein were discovered in metastatic tissue compared to primary small bowel carcinoid tumors [11] .
Histone H1x, a subtype of the H1 histone family, is considerably expressed in tumor cells of SI-NETs when compared to corresponding normal tissues, regardless of the heterogeneous grade of their malignancy. Further investigation is required to clarify the underlying mechanism of this phenomenon and whether this H1 subtype participates in the tumorigenesis of NETs [12] .
Possible Mechanistic Explanations of Fibrosis Development
A hallmark of SI-NETs is the notable fibrosis occurring either in the local mesentery, namely desmoplastic response, or distant organs, such as the heart. It is incurable with currently available therapeutics in the majority of patients. Based on the related literature, a potential mechanistic explanation has been proposed.
The large amount of serotonin produced by the neoplasm may be responsible for the fibrosis. Long-term administration of serotonin resulted in heart valve fibrosis in animal models, which resembles human carcinoid cardiac disease [13] . Other well-characterized fibrotic factors are the transforming growth factor-β (TGF-β) family members, which have been found to be positively expressed in midgut carcinoids. As an example, overexpression of TGF-β RII was particularly detected in stromal cells adjacent to the tumors [14] , indicating its role in both cell-cell and cell-matrix interactions. As the downstream mediator of TGF-β1, connective tissue growth factor (CTGF) functions in concert with TGF-β1 in the stellate celldriven fibrotic response of SI-NETs [15] . A high level of CTGF is associated with cell migration, a reactive and well-vascularized myofibroblast-rich stroma and fibrosis development locally as well as in distal organs [16] . When blocking the serotonin receptor 2B in a neoplastic EC cell line, KRJ-1, TGF-β and CTGF levels were decreased, favoring the hypothesis that serotonin may act as the essential upstream factor in the development of fibrosis. Tryptophan hydroxylase 1 (TPH1), the initial step and rate-limiting enzyme involved in the synthesis process of serotonin, was found to be highly expressed in ileal carcinoid tissue [17] . Additionally, decreased expression of TPH1 and serotonin were observed [18] , indicating a positive feedback serotonin autoregulation in SI-NET carcinogenesis.
Activation of the ERK pathway appears to be a common feature of SI-NETs, and the regulation of phosphorylated ERK1/2 was associated with the stimulation of serotonin and TGF-β [18, 19] . A recent study found that expression of CTGF was not induced by the TGF-β-mediated Smad signaling pathway but by TGF-β-activated ERK, JNK and p38 MAPK signaling in hepatic progenitor cells [20] . To our knowledge, no study has been carried out to confirm a similar mechanism existing in SI-NETs, which may offer novel attractive therapeutic targets.
Biochemical Markers in the Diagnosis and Prognosis of SI-NETs
Traditional Histological and Serology Diagnostic Methods
Currently, SI-NETs are diagnosed by histological examination and immunohistochemical staining for different neuroendocrine markers. In a study including 167 jejunoileal carcinoid cases, the positive rates by immunohistochemistry were 98, 96, 95, 92 and 86% for argentaffin, argyrophil, neuron-specific enolase, chromogranin and serotonin, respectively [21] . Measurement of 24-hour urinary 5-hydroxyindoleacetic acid and serum chromogranin A (CgA) levels also serves as a method to confirm the diagnosis and monitor tumor burden and recurrence [22] . Recently circulating pancreastatin, a fragment of the CgA molecule, was considered as a new sensitive marker for disease progression [23] .
Potential Biomarkers for Differential Diagnosis
Growing evidence indicates the difference in genetics, biology and response to treatment between pancreatic neuroendocrine tumors and SI-NETs, despite their continued inclusion and analysis as a homogeneous group in some articles. DNA microarray analysis validated the significant difference in gene expression between these tumor types [24] , allowing for a differential diagnosis depending on gene expression profile. Furthermore, another study using G protein-coupled receptor arrays identified two genes (oxytocin receptor and G proteincoupled receptor 113) that were upregulated by more than five-fold in all SI-NET samples, while no pancreatic neuroendocrine tumors shared this profile [25] . Vesicular monoamine transporters (VMATs) facilitate the transport of monoamines from the cytoplasm into the secretory vesicles of neurons and neuroendocrine cells. Overexpression of VMAT-1 mRNA and protein level was described in primary as well as metastasized ileal carcinoids [17, 26] , and statistically significant upregulation of the VMAT-1 gene (22-fold) in SI-NETs was also observed in one study mentioned above [25] . Moreover, the mutually exclusive prevalence of VMAT-1 in serotonin-containing cells and of VMAT-2 in histamine-secreting cells could enable pathologists to distinguish SI-NETs among other types of NETs. CDX-2, a homeobox gene encoding a nuclear transcription factor that is essential for intestinal cell differentiation and development, was proved to be highly specific for ileal NETs and their metastatic tumors [27, 28] .
A panel of these different diagnostic biomarkers may improve the prediction of the primary tumor. A decision tree supplemented with a pruning algorithm was proposed by Modlin et al. [29] and used to diagnose SI-NETs based on the assessment of circulating markers transcript levels (TPH1, CgA, DDC, neuron-specific enolase, VMAT-1 and VMAT-2). The sensitivity and specificity were reported to be 81.2 and 100%, respectively.
Biomarkers for Prognosis
Paraneoplastic antigen Ma2 is displayed in SI-NET tissue [30] . In a study including 124 SI-NET patients at different stages of disease, measurement of Ma2 autoantibodies in blood samples showed a high sensitivity and specificity in discriminating SI-NET patients from the healthy as compared to the evaluation of serum CgA level, and those with a higher level of serum Ma2 autoantibodies may suffer a worse outcome [31] . Additionally, further exploration of the underlying mechanisms may provide novel insights into the potential autoimmunity-involved tumorigenesis of SI-NETs.
Serial determination of neurokinin A levels may be useful for the early identification of SI-NETs with a more aggressive behavior. Increasing neurokinin A level (>50 pg/ml) is associated with a poor short-term survival, a need for immediate treatment, and also acts as a sensitive tool to monitor the effectiveness of therapy [32] .
Cocaine-and amphetamine-regulated transcript (CART) peptide exerts several regulatory functions as a neurotransmitter or hormone. Landerholm et al. [33] identified the correlation between increasing CART score and worse disease-specific survival when adjusting for age, disease stage and tumor grade.
Due to the limited sample size of most research, those studies including diverse tumor types with a large number of cases are warranted to confirm the clinical relevance of a variety of biomarkers in the future.
Conclusions
Because of their rare incidence, the pathogenesis of SI-NETs remains largely unknown. Recent advances in molecular mechanism underlying the development of SI-NETs may improve the management of these tumors. In this review, evaluation of a variety of immuno-
